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I. INTRODUCTION 

The Large Hadron Collider [LHC] at CERN in Geneva, 
Switzerland is the world's highest energy accelerator de- 
signed to study the physics relevant for the origin of mass. 
According to the theory called the Standard Model [SM] 
which describes, with few exceptions, most of the ob- 
servable phenomena in the universe, the Higgs field is 
responsible for the masses of the W and Z bosons, as 
well as that of quarks and leptons. Experiments, pub- 
lished so far, now only allow for the Higgs mass to be in 
the range between 115 and 127 GeV [l|,l2j. The two hu- 
mongous multi-purpose detectors, CMS and ATLAS, at 
CERN have recently presented hints towards the discov- 
ery of the elusive Higgs boson Details concerning its 
exact mass and branching ratios will tell us whether we 
are dealing with the Higgs boson of the SM, or whether 
physics beyond the SM is required. At the moment all 
these possibilities are still open. 

Supersymmetry is a mild extension of the SM. In its 
simplest form, the Minimal Supersymmetric Standard 
Model [MSSM], it favors a rather light CP-even Higgs 
boson with mass below 130 GeV [|| and properties very 
similar to those of the SM Higgs boson. There are how- 
ever two serious problems of the MSSM. These are known 
as the u and strong CP problems. The u term ([iH u Hd, 
where H u and Hd denote the Higgs doublet superfields of 
the MSSM) gives mass to the Higgs doublets of order a. 
The problem is that this term breaks no low energy sym- 
metry and is thus naturally of order the Planck scale, but 
it needs to be at the weak scale. The strong CP problem 
is a problem of QCD. One popular solution requires the 
existence of a light pseudo-scalar particle, known as the 
axion. 

In order to address these problems simple extensions of 
the MSSM have been proposed. The simplest (singlet) 
extension of the MSSM is the NMSSM @, motivated 
by questions of electroweak symmetry breakdown, the u- 



problem and an increase of the upper limit on mass of 
the lightest Higgs boson @ . Properties of the Higgs sys- 
tem might change drastically and could be checked by 
LHC experiments 0- A relation between the n prob- 
lem and the (invisible) axion solution Q to the strong 
CP-problem have been noticed in a particular singlet ex- 
tension [| of the MSSM. 



In this letter we shall discuss a simple generalization 
fioj of this scheme (which we denote by JVpqMSSM) with 
additional light supcrmultiplets, one of which (X cw ) is 
protected by the original Peccei-Quinn (PQ) symmetry 
[111 ]. The PQ symmetry forbids the renormalizable terms, 
H u Hd, X ev/ , A"g W , and AT 3 W . The coefficients of these can 
be generated by breaking the PQ symmetry at a high en- 
ergy scale. In particular, we note that the coefficients of 
X cw and Xg W are not the PQ symmetry breaking scale, 
in contrast to most PQ symmetry models where they 
are gcncrically of order the PQ symmetry breaking scale. 
The u term can be generated by a nonrenormalizable 
term, which is the one used in the MSSM. With the sin- 
glet X ew surviving down to the TeV scale, there is an 
important renormalizable term X cw H u Hd which distin- 
guishes the phenomenology of ApqMSSM from that of 
the MSSM. 



The main result of this letter is the observation that 
such a model predicts the existence of a light pseu- 
doscalar (CP-odd) Higgs boson that could be within 
reach of the current LHC experiments. In the limit 
(i ~ 0, we find that there exists a chiral symmetry which 
is nontrivial only for H u , Hd and A" ew . It may be called 
'Higgsino symmetry'. Because of its pseudoscalar na- 
ture, such an (axion-likc) particle ax will predominantly 
decay to two photons, a\ —> 77, and could be easily 
distinguished from the CP-even Higgs boson. 
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H u Hd 


Si S 2 


Zi Z2 


X X' X 


Qpq 


+1 +1 


-1 +1 





-2 -2 +2 


R 


+1 +1 





2 2 


2 



TABLE I: The PQ and R charges of H u ,d, Si, 2Z1, 2, A and X. 



II. THE PQ SYMMETRY WITH A SINGLET AT 
THE ELECTROWEAK SCALE 



The important terms determining the vacuum expec- 
tation values of Si , S 2 and X are 



V = \S1S2 - F 2 



\S 1 S 2 -Fi\ z + \mX- v Si\ 



(6) 



Let the phases of S1S2 and X be 5 S and 65, , respectively. 
and S s — 28 x = determine 



Then, S s 



si 



s 2 

77 si 2mx 



(7) 



To set up a first version of the model we consider a 
set-up as given in ■ Later we shall simplify the model 
and restrict to the fields that are relevant for the physics 
at the electroweak scale. To break the PQ symmetry 
and SUSY, we generalize the Polonyi type superpotential 
to break the PQ symmetry and parametrize the SUSY 
breakdown. We introduce the following renormalizable 
superpotential with the PQ symmetry and the U(l)ij 
symmetry shown in Table HI 



W 



H u H d X + mil - rjXS 2 

£H u H d X' + m'X'X 

ZiiSxSi - Ft) + Z 2 {SiS 2 - Fi) 



(1) 



where F 2 ^ F 2 are constants. Here, we need (Si, 2) = 
0(^12), but the rest is at the electroweak scale, i.e. 
(H u , d )_= 0(M Z ), (X,X') = 0(M Z ), (Z x , 2 ) = 0(M Z ), 
and (X) < 0(M Z ). 
The potential is 



V =V F + V D + V solt . 
The F-term potential is given by 



(2) 



V F = 



X + £X' 



\H u \ 2 + \H d \ 2 ) 



- H u H d + mX\ 2 + I - £H u H d + m'X\ 2 
ml-7 ? 5 1 2 | 2 + |Z 1 + Z 2 | 2 |Si| 2 

- 2r)XSi + {Zi +Z 2 )S 2 2 
S^-Fff + lS^-Fif, 



(3) 



where 



X = cos aX + sin aX', 
X cw = — sin aX + cos aX' , 
m . m! 



(4) 



cos a 



sin a 



V m 2 + ' 



The D-term potential is given as usual, and the TeV scale 
soft terms are 



V soft = -m 2 u \H u \ 2 + m 2 d \H d \ 2 + M(\Z X \ 2 + M 2 \Z 2 \ 2 
+ m 2 \X\ 2 + m 2 \X'\ 2 + m 2 \X\ 2 + M 2 |Si| 2 + /i 2 |S 2 ' 2 



(5) 



where F 2 = F 2 + F 2 , Sl , 2 = \S h2 \ and x = \X\. With 
m = 0(M P ) - O(Mgut) and x = O(TeV), we obtain 
(Si, 2) at the intermediate scale. With Fi, 2 at the inter- 
mediate scale, this scenario is realized. Here, we note 
that X cw does not appear in Eq. ([3]) and survives to the 
electroweak scale. Integrating out X, we consider the 
following terms in the superpotential 



W ew — —^H u H d — fi l H u H d X c 



where 



fh 



sin a + £ cos a, 



(8) 



(9) 



and soft terms of H u , H d and X ev! (with a tadpole term 
possibility). The reason that one PQ charge carrying sin- 
glet survives below the axion scale comes from the fact 
that we have one more field with charge Qpq = — 2 than 
fields with Qpq = +2. This asymmetric appearance of 
the PQ fields is of general phenomena in string compact- 
ifications (l2l |. 

The same objective can be achieved with less fields but 
with the nonrenormalizable term, 



W 



C2 

it"'"* 



fhH u H d X cw 
Z 1 (SiS 2 -F 2 ) + Z 2 (SiS 2 -F 2 ). 



While there are many ways to introduce the A^pqMSSM 
at the electroweak scale, one aspect is true for all of them: 
if the PQ symmetry forbids the H u H d term then the 
jiH u H d must appear by breaking the PQ symmetry at 
a high energy scale. In addition, if a light singlet X ew 
carrying the PQ charge —2 survives down to the elec- 
troweak scale, then the only additional superpotential 
term is X ew H u H d , i.e. the X cw , X 2 W and X% w terms are 
not allowed with the minimal form of the Kahlcr poten- 
tial. 

If X cw is charged under a new U(l)' gauge symmetry 
which is broken at high energy scale, the D-term potential 
gives rise to a fine-tuning problem. Therefore, we do not 
introduce a quartic term from the D-term and stabilize 
X evr by the positive quadratic term m 2 |X ew | 2 . 

If fh is large, the soft term of X ew will be a subject of 
renormalization group. For fh ~ 1 and A ~ 200 GcV, wc 
note that m 2 stays positive even with its vanishing GUT 
scale value, m 2 Gl!T = 0. 
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III. RAISING THE HIGGS MASS 



With this effective superpotential and soft terms we can consider the following potential for Higgs and X ew : 
V=\tx+ f h X ew \ 2 (\H u \ 2 + \H d \ 2 ) + fl\H u H d \ 2 - m 2 u \H u \ 2 + m 2 \H d \ 2 - (B^H u H d + c.c.) 
(AX ew H u H d + c.c. 



m 2 \X cw \ 2 



l - {g 2 Y + 9 2 ){\H u \ 2 -\H d \ 2 ) 2 + ^\HtH d \ 2 . 



(10) 



Now, we can decompose neutral fields as real and complex components, <fr = -^{4> r + ^4> % ) where 4> = H^, H d , X c 
At the vacuum, they take VEVs v u ,v d ,x, respectively, and 



1 
2 

8 

4 



17 § fh \ 2 2i 2 i 1 re i f h '\2 
[(fi+—x) -m u K + -[(/i+-^=x) +m d \v d 



V2 



J ft 2 2, 1/2 

—v u v d + ^(9y+ 92){ v u - v d ) - Bfiv u v d j=xv u v d + -m e x 



A_ 



(11) 



Thus, the parameters we introduced for a fixed X ew quantum number are x, v, tan/3, fh, ^, A, B, m 2 , m 2 d and 
TO x ow - Three minimization conditions of V m - m of Eq. (jllj) and v ~ 246 GeV reduce the number of independent 
parameters to six (seven). The CP odd and even mass matrices are 



Mi 



(12) 



V2 L 



Mo ) 



( r 



M 



H 



\ 



mf 



\-M\ 



-ml 



cos 2 (3 
"f| sin 2 /3 

M 2 ) 



±sin2/3(/ 2 - 2 



±sin2/3(/ 2 V 2 
-m 2 -Mf) 

ttiq sin 2 (3 
- +M§ cos 2 /3 - 



m 2 sin /3 




m 2 cos /3 


- — m' 2 cos /3 - 




- — m' 2 sin/3 - 



to 2 sin /3 
-m^, 2 cos /3 

m 2 cos /3 
— m^, 2 sin/3 ■ 



M 2 E 



(13) 



where 



|-(^ d -MA(^+^))> M i 



M, 



= f h (V2n + f h x)v, m' 2 = Av/y/2, and 



(V2Ax + 2B(j,)/sm2/3. 

Eigenvalues of Mfji The smallest eigenvalue of CP 
even Higgs mass matrix Mfj, Eq. (|T3|) . is mostly 
H u — like. Since (33) element is inversely proportional to 
x, the smallest eigenvalue is close to the smallest eigen- 
value of the 2x2 submatrix composed of (11), (13), (31), 
and (33) elements for large x whereas that of the 2x2 
submatrix composed of (11), (12), (21), and (22) ele- 
ments, 



2m 



(m 2 + Mf) - [(m 2 + M 2 Z ) 2 - Am\M 



■ cos 2 2/3 + flv 2 (flv 2 - 2m 2 ~ 2M z) sin 2 2/3] 1/2 



(14) 



for small x. 

In Fig. [TJ we show the Higgs boson masses in the 
x — fh plane for tan/3 = 3[(a), (c)] and for tan (3 = 5[(b), 
(d)], with[(a), (b)] and without [(c), (d)] the radiative 
corrections. We used M s = 1 TeV, A t = 800 GeV, 
and B = 500GcV, A/f h = fi = 200 GeV. For the 
quantum corrections, we consider two more parameters: 



the geometric mean of the stop masses M s = ^/m^ m^ 
and the A t term from the top Yukawa coupling. For 
A t = 800 GeV and M s = 1 TeV, the radiative mass shift 
to the tree level mass m° ~ 96 GeV is about 30 GeV. 

If we require that perturbativity holds up to the PQ 
scale, we need \fh\ < 0.8. 

Eigenvalues of Mp\ One eigenvalue of Mj> is 0, cor- 
responding to the longitudinal component of Z boson. 
Among the two remaining eigenvalues, the smaller one is 



2m 



{ml 



M 2 ) 



(ml 



M 2 ) 2 



4 y uM 3 



sin 2/3 



1/2 



(15) 



where M 3 



2BM Q 



f h A{v 2 u +vj). From Eq. (H3, 
we note that the ax mass is small for a small /i. 
However, the (1/ sin 2/3) dependence is not singular for 
sin 2/3 — > because the numerator cancels this diver- 
gence. In Fig. [31 the mass of ax is shown in the x — fh 
plane for fj, = 150 GeV and 200 GeV, respectively, and 
A = f h x 200 GeV, B = 500 GeV and tan/3 = 3. In 
this parameter range, the lightest eigenvalue of Mp. is 
X ew -like. As in the axion-photon-photon coupling case, 



4 




FIG. 1: The Higgs boson masses in the GeV units. The 
tree level masses are shown in (a) tan /3 = 3 and (b) tan j3 = 
5. Masses with radiative corrections for M s — 1 TeV, A t — 
800 GeV are shown in (c) tan/3 = 3 and (d) tan/3 = 5. We 
use B = 500 GeV and A/f h =fj,= 200 GeV. 



ax- 




FIG. 2: The Feynman diagrams for the ax77 coupling with 
the Higgsino loop. 
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in general there exists an ax-photon-photon coupling as 
shown in Fig. [2j Since the diagram occurs through the 
Higgsino line only, the anomaly coupling estimation is 
simple to give 



ax 



An x 



cm^- 1 em 



(16) 



where F cmfll , is the electromagnetic field strength and 
F££ is its dual. We note that the coupling is not sup- 
pressed by the axion decay constant F but by the VEV 
of I™. 1 Similar anomaly couplings to W^W^" and 
Z^ V Z^ V are present with couplings proportional to 0L2 
and az, respectively. But, axhh and axF[ + H~ are not 
present. Therefore, the production and decay of ax oc- 
cur with the electroweak scale. Through the anomalous 
coupling (JTBJ), the electron-positron collider LEP II (with 
y/s > 130 GeV) could have produced three photon events 
(through e + e~ — > jax) for 125 GeV pseudoscalar at a 
10" 5 - 1CT 6 pb level, 



a(s) 



3a* 



256tt 



x 2 ( 



1 



2s 



1 



iu- 



12s 2 



(17) 



which gives only ~ 5 x 10 3 event for the integrated 
luminosity of LEP II [lj]. 

With Eq. (ITH1) . the decay width is given by 



T(a x -> 77) 



647T 2 3 



(18) 



Since the LHC lower bound of the Higgsino mass is above 
200 GeV [ill , the ax decay to two photons for its mass of 
order 125 GeV with the insertions of fh and 1/ fj, is negli- 
gible compared to Eq. (fT5| . For m ax < 2Mw, the decay 
ax — > W + lepton + neutrino introduces a suppression 
factor "aifcptcnQw / -^w ■ ^ similar remark applies to the 
Z^Z^ 11 coupling. On the other hand, some superpartner 
fermion can be lighter than ax- 

For the X ew -like ax, therefore, decays to the 77 and a 
pair of lightest neutralino modes account for almost 100 
%. If so, some two photon events with strong dijets in 
the forward direction, which is the characteristic of vector 
boson fusion, may come from ax production and decay, 
showing a two-photon resonance peak at the ax mass 
different from 125 GeV. Such event rate is too small to be 
observed at the LHC, since the ratio of the ax production 
to that of the MSSM Higgs boson h is naively estimated 
by the ratio of couplings, ~ OL%ja A c ~ (0. 0336/0. 118) 4 ~ 
0.65 x 10" 2 [l7|. 

Even though the lightest eigenvalue of Mj, is X cw -like, 
a small fraction of the Higgs component makes ax decay 



FIG. 3: The ax masses for tan/3 = 3: (a) u = 150 GeV and i T , , , u „ ■ ,, . , , ,. 

r K 1 r The term suppressed by F is the axion-pnoton-pnoton coupling. 

(b) u = 200 GeV. _,, , . , . , , TT . TU 77 ,, , 

the cmral current 01 the charged Higgsino, J£ = Hy^^/^H, has 

the divergence d^Jg = (a C m/2n)F e uiii^Fe r ^ + 2fiHf ,J ''y5H which 
gives Eq. (IB) . 
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to bb at tree level. The ratio of BRs to ax — > 77 and to 
a x — > bb in our example is given by 



R = 



a em m a x 



2 2 
a cm m ax 



QAit 2 x 2 3C 2 m 2 m a> 



24nx 2 



C 2 m 2 ' 



(19) 



where C = [gi tan j3 tan 7 — (Mw /x)] cos 7 with tan 7 = 
— (cos /3 cot /3)/[(x/v) + (y/2Bfj,/Av)] in a large tan /? limit, 
and I is multiplied for three colors of b. R of Eq. (fLT))) 
is about (m Qx /67Ca;) 2 . In a large tan/3 and a small 
/i limits, C ~ — g2VCOs(3/x which is very small. Note 
in addition that the absolute production rate through 
Eq. (IT51) is relevant at this stage as far as the bb mode 
is swamped by the SM background. If the production 
through the initial qq as in Eq. (jTT]) is estimated for 
10fb _1 luminocity of the 7TeV LHC, we expect roughly 
10 -2 event. 



IV. CONCLUSION 

Experiments at the LHC will soon test the properties 
of the SM Higgs boson [20J ■ Masses and decay properties 



of the Higgs system will be crucial for the analysis of 
potential physics beyond the standard model. In this 
work we have considered a specific scheme motivated by 
supersymmetry and the strong CP-problem that predicts 
a pseudoscalar particle with decay ax — > 77, that might 
well be within reach of current LHC experiments. 
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